The physiology of the auxin-induced 10,000-fold increase in light sensitivity of a phytochrome-mediated growth response (Shinkle and Briggs, 1984 Proc Nati Acad Sci USA 81: 3742-3746) has been characterized in subapical coleoptile sections from dark-grown oat (Avena satita L. cv Lodi) seedlings. Six micromolar indole-3-acetic acid (IAA) must be present for 1 hour before to 2 hour after irradiation in order to confer maximal sensitivity to light. The direct effect of IAA on growth can be separated from its effect on light sensitivity. Several classes of synthetic auxins will substitute for IAA in inducing an increase in sensitivity to light, as will both the phytotoxin fusicoccin and treatment of sections with pH 4.5 buffer. The increase in sensitivity to light induced by 6 micromolar IAA is completely inhibited by buffering the sections at pH 5.9 with 30 millimolar 24N-morpholino)ethanesulfonic acid. These findings suggest that the capacity to respond to very low fluences of light is regulated by extracellular pH.
Recently, we reported that the naturally occurring auxin, IAA, has a profound effect on the phytochrome-mediated red lightinduced stimulation ofelongation in oat (Avena sativa) coleoptile sections cut from seedlings grown in complete darkness (21) . Adding auxin to the aqueous incubation buffer does not affect the magnitude of the R2-induced growth response, but permits much lower fluences of light to induce the response. With the optimal IAA concentration (6 Mm), the sensitivity of the sections to R is increased by a factor of 10,000.
Studies of the fluence dependence of the R-induced growth (21) indicate that the phytochrome-mediated responses occur in the LF and VLF ranges for phytochrome induction response (15) . In intact seedlings the responses to light in these two fluence ranges differ in some features of their photobiology beyond the fluence-dependence of each response (14) . The LF response can be described as a conventional phytochrome induction response, ' This is Carnegie Institution of Washington-Department of Plant Biology publication 878.
2Abbreviations: LF, low fluence; VLF, very low fluence; R, red light; I-NAA, I-naphthalene acetic acid; IBA, indole-3-butyric acid; PCIB, pchloro-phenoxy-isobutyric acid; BzA, benzoic acid; TIBA, 2,3,5-triiodobenzoic acid; FC, fusicoccin; PM, plasma membrane; Em, membrane potential; To, time zero. while the VIF response requires only a very small percentage of phytochrome to be in the Pfr state, and is not reversible by farred light.
The amplification of the phytochrome signal in response to IAA is a useful tool for the study of these two phytochrome induction responses. In the absence of exogenous IAA, only the LF response is seen, and with increasing IAA the response seen is biphasic over a wide range of IAA concentrations, showing sensitivity to both VLF and LF red light fluences. At the optimal IAA concentration, conferring maximal sensitivity to light, a VLF fluence of R will saturate the light-induced growth response. These changes in light sensitivity occurred in the sections in the time between when they were cut and when they were irradiated, a period of 1 h or less (21) .
We suggested that the effect of IAA was probably an alteration of the signal transduction chain between the recognition of phytochrome in the Pfr form and the initiation of the growth response (21) . It seems likely that some element of the physiological response to IAA alters the environment in which the Pfr signal is transduced. This change alters the amplification of the signal, and permits the response to very low levels of Pfr to be expressed.
Many studies have been made of the LF growth response in a variety ofcereal seedlings, both in intact plants and excised tissue (6, 10, 13, 14, 24) . The VLF response has been more refractory to study (14) , and the physiology of this response in excised coleoptile sections has been described only cursorily (11) . While the photobiology of the LF and VLF responses appears to be qualitatively different (14) , studies of the two responses have not detected differences in the physiological mechanisms mediating the two responses (2, 19) .
We have studied the kinetics and specificity of the IAAinduced increase in sensitivity to light. Our results provide the basis for a model for the action of IAA. A physiological distinction between the VLF and LF responses to R was also found.
MATERIALS AND METHODS
Light Sources. For fluence-response curves, the source used (source A) and its operation were as described previously (14) . The irradiation protocol for coleoptile sections was as described previously (21) . This light source was also used for some experiments comparing VLF (0.1,umol m-2) and LF (1000 Amol m 2) R responses (see below). The bulk of these 2-fluence-comparison experiments were performed with a source (source B) described previously (7) . Irradiations with VLF red light were given in a 30-s pulse from source B (fluence rate 10 Mmol m-2 s-') to material covered by a 3.5 A filter, as described previously (8) . The LF irradiations were given in a 100-s pulse with no filter in place.
Plant Material. All manipulations of plant material, other than explicitly described experimental irradiations and final length measurements, were conducted in complete darkness, as were all incubations ofexperimental matenral. Subapical sections from coleoptiles of Avena sativa L. cv Lodi were obtained from 72 h old dark-grown seedlings, as described previously (22) . Sections 5.7 mm long were cut and floated on 5% sucrose solution buffered to a given pH. Each experimental treatment was given to a batch of 18 to 30 sections in a 20 x 60-mm Petri dish containing 9 to 12 ml of buffer. Incubation of treatments for 12 h on a rotary shaker was as described previously (21) .
Buffers. For Buffer Changes. In experiments during which buffer solutions were changed at intervals before and after irradiation, these alterations were performed in complete darkness. For all experiments, the total incubation time between irradiation and measurement of growth was kept constant at 12 h. Unirradiated controls were treated in parallel with irradiated samples, and the times of buffer changes set for the irradiated samples were also used for the dark controls. Two methods of changing the buffer contents were used.
(a) When 6 #M LAA was added to the buffer at various times before and after irradiation, the sections were harvested into 9 ml buffer containing no IAA. IAA was added as 3 ml of 24 JM IAA in the same buffer. The delivery of the buffer with IAA was via a syringe with the tip placed in the Petri dish.
(b) For experiments where exposure to IAA, 30 mm Mes, or 7.5 mm K2S04 was limited to a short interval, and for experiments where pH 4.5 buffer was replaced with pH 5.9 buffer, the sections were removed from the original buffer, washed with the replacement buffer, and placed into a fresh 10 Table IL response of sections to R in the absence of exogenous IAA is representative of a response in only the LF range (21) .
At saturation, the absolute increase in length caused by R is very similar for all three IAA treatments. The sum of the growth responses to VLF and LF R is always in the range of mm (21 Figure 2 shows the results from both types of experiments. The response to VLF R is calculated as the difference between the dark and irradiated final lengths, and expressed as per cent of the maximal response (the response in continuous 6 Mm IAA). The curve obtained from the IAA addition experiments (the dashed line) shows that if the IAA is added to the buffer at 60 min before irradiation, the response to VLF R is the same as if the sections had been exposed to continuous 6 gM IAA. The growth in response to 6 Mm IAA in the dark is the same independent ofwhen the IAA is added to the buffer (data not shown), only the response to VLF R varies as shown.
The IAA removal experiments (solid line) show that IAA must be present during the 2 h after irradiation, but is not required for the subsequent 10 h of incubation in order to confer the maximal response to VLF R. A more than half-maximal response to VLF R is seen if the IAA is present for a period as short as 10 min after irradiation, but if the IAA removed as few as 10 min before irradiation, no response to VLF R is seen. Even making allowance for the time required for the IAA to effiux from the sections, these data indicate that the 10-to 20-min period following irradiation is critical to the mechanism by which IAA confers increased sensitivity to light.
The combination of the information from the IAA-addition and IAA-removal experiments yields a three-phase description of the kinetics of the IAA-induced increase in sensitivity to light; (a) a rising phase from 60 min before irradiation to To during which the IAA enters the cells and establishes the high sensitivity to light; (b) a window from To to 120 min after irradiation during which the IAA-induced process of increasing sensitivity to light must be active; and (c) an IAA status insensitive period starting near 2 h after irradiation. Within phase 2, the IAA effect is more than 50% complete in the first 20 min after irradiation, but requires an additional 100 min to go to completion. We conclude from the results of IAA-addition experiments that the effects of IAA in phase 2 only occur when IAA is present at the time of irradiation.
It should be noted that sections irradiated within 10 min after harvest into buffer containing no IAA show no response to VLF R, indicating that the bulk of the endogenous IAA has diffused out ofthe sections (26 (12) . However, the fact that LAA added at 60 min after irradiation does not confer any sensitivity to VLF R, indicates that some early process subsequent to phytochrome photoconversion is probably affected by IAA.
The rapid rise in phase 2 of the kinetics can be described as the switching on of the response to suboptimal IAA. Our earlier study (21) There are data to indicate that the 2 h after irradiation may be the time period when the light signal is being transduced into the growth response: the escape from far-red reversibility of the LF R-induced growth response begins at approximately 2 h after irradiation (10; data not shown), and the growth response itself, to either VLF or LF R, is not detectable until approximately 2 h after irradiation (data not shown). Thus, the IAA confers the increased sensitivity to light within the time during which the Pfr signal is still subject to reversal, and before the growth response begins. This is a further argument that-the IAA effect is on some aspect of the Pfr signal transduction chain.
In the IAA addition experiments, the time of IAA addition (Fig. 3a) . (Fig. 3a) .
The effectiveness of FC in inducing a response to VLF R suggests that both FC and IAA might increase sensitivity to light via the production of a low exacellular pH. FC stimulates growth exclusively by stimulating acid secretion into the cellwall space, and acts from the outside of the PM (4, 23) . IAA acts in part by the same process, but from inside the cell (4) . Treatment of tissue with low pH buffers has been shown to replace both MAA and FC in stimulating growth (3) . As seen in Figure 3b (25) . Ethanol has no such effect on coleoptile sections (Fig. 3b) .
The Effect of Low External pH. The pH dependence of the low pH buffer-induced response to VLF R is shown in Figure 4 . Figure 2 , and additions of K+ were as in "Materials and Methods." Results shown are the average of three replicate experiments.
The response to VLF R seems to be of constant magnitude between pH 4 and 5. At pH 3.5, the total R-induced growth is considerably inhibited, while the dark growth is stimulated relative to the response to pH 4. This effect of low pH on the Rinduced growth makes the magnitude of the VLF response relative to the magnitude of the LF response difficult to assess.
It is possible that low external pH causes sufficient retention of the endogenous IAA (9) , at least early in the incubation, to preserve the sensitivity to VLF R seen in the intact plant. To test this possibility, the antiauxin PCIB (5) was used. One AM PCIB inhibits the induction of a response to VLF R by 0.1 Mm IAA (Table II) . Curiously, the PCIB has no effect on long-term growth. But since the PCIB treatment does inhibit the IAA-induced response to VLF R, the fact that it does not inhibit the response to VLF R induced by pH 4.5 buffer indicates that the effect of low external pH is not mediated through an IAA-dependent process. Rather, it suggests that the external pH is more closely coupled with the signal transduction process than is the auxin status.
The VLF responses seen for pH 5 to pH 4 in Figure 4 all appear to be equivalent to the 0.1 Mm IAA-induced response, none inducing the maximal response to VLF R seen in response to 6 &M IAA (Fig. 1) . Therefore, the actual fluence-dependence of the R-induced growth in sections treated with pH 4.5 was determined. The fluence-response curves for R-induced growth at pH 4.5 in the absence of IAA, and at pH 5.9 in the presence of 0.1 Mm IAA are compared on the basis of absolute length at the end of the 12-h incubation (Fig. 5) . For the sections treated with pH 4.5 buffer, the irradiations were performed 1 h after the sections were harvested. The irradiation was postponed to ensure that the buffer would have adequate time to permeate the tissue, since unlike IAA the buffer enters the tissue only by diffusion (9) .
Although the growth in the presence of IAA is considerably greater, the threshold for R-induced growth is lower for the sections treated with pH 4. The hypothesis that all of the IAA effects on light sensitivity are mediated by a low external pH can be tested from another direction: the acid secretion-mediated IAA-induced growth can be inhibited by high buffer strength at a pH around 6 (3). The high buffer strength treatment should also affect any other extracellular pH-dependent process. Figure 6 shows the effect of increasing Mes concentration on the response to VLF R induced by 6 Mm IAA at pH 5.9. At 10 mM Mes, the IAA-induced growth is partially inhibited, but there is no effect on the LF or VLF Rinduced growth. At 30 mm Mes, there is some further inhibition of IAA-induced growth, a minor, and possibly insignificant, inhibition of LF R-induced growth, and complete inhibition of the VLF R-induced growth. At higher Mes concentrations, there is increasing inhibition of IAA-and LF R-induced growth, but These results suggest that even the maximal effects of IAA and FC on the sensitivity of sections to light are exclusively mediated by a decrease in the pH of the extracellular space.
The alterations in the external environment of the sections which either mimicked the effect of IAA (pH 4.5), or inhibited the effect of 6 zM 4A (30 mM Mes at pH 5.9), were tested for their capacity to act within the same time required for the L4A to act (within 2 h after irradiation, see Fig. 2 ). This was tested by exposing sections to either of these conditions for the 2 h after irradiation, and then transferring them to standard conditions (pH 5.9, low buffer strength, minus or plus 6 MM IAA, respectively). Table Illa Table IlIb shows the actual growth responses to the treatments described in Table   IIIa .
As can be seen in these two tables, the effect of pH is required only within the same time window in which the IAA must be present. Further, the inhibition of the IAA-induced response to VLF R by exposure to 30 mm Mes for the first 2 h is complete, while the effect of the high buffer strength on the IAA-induced growth in the dark controls is almost negligible, unlike the results shown in Figure 6 , where the high buffer strength was present for the full 12 h. The 2-h 'pulse' of 30 mm Mes did not inhibit the response to VLF R as a result of osmotic shock on the replacement of the 30 mm buffer with 2.5 mm buffer when the replacement of the 30 mM Mes was with 2.5 mm Mes plus 27.5 mM sorbitol, the response to VLF R was still absent (data not shown).
Mechanism of the External pH-Modulated VLF Response. It seems clear that the establishment of a low extracellular pH, by any of several means, induces the response to VLF R. Since the pH of the cytoplasm is stable under a variety of conditions (17) , a likely primary effect of a low external pH is an increase in the pH gradient across the PM. The increased pH gradient across the PM could be the factor which directly regulates the amplification ofthe Pfr signal. This effect oflow extracellular pH should be considered as a regulation mechanism for the transduction of the VLF response only. None of the evidence presented here demonstrates an effect of low extracellular pH on the LF response. The loss of output from the LF growth response when the VLF growth response is also expressed can be explained by a limited total capacity for light-induced growth which is shared between the two phytochrome response systems.
A pH effect permitting the transduction of a low Pfr signal from a putative PM receptor for phytochrome (25, 27 ) is consistent with the data we have obtained. In bacterial systems, the important regulatory enzyme, adenylate cyclase, which is localized in the PM, has been shown to modulate its activity in response to the pH gradient across the PM (16) . In the phytochrome control of seed germination, treatments which perturb the PM have been shown to induce a response to VLF R in seeds normally only sensitive to LF R (25) . Thus, the involvement of a PM receptor in the phytochrome signal transduction process is a promising hypothesis.
The discrepancy between the effect of pH 4.5 and the effect of 6 AM IAA at pH 5.9 on the sensitivity to VLF R requires some consideration. In inducing the maximal sensitivity to VLF R, both 6 AM IAA and 1 FM FC have an effect on the cel which is absent in the pH 4.5 treatment. The MAA and FC both acidify the external space via an electrogenic transport of protons across the PM (4). The exit of positive charges from the cell increases the inside negative voltage potential across the PM, although the increased Em is not required for stimulation of growth (20) . Treatment with a low external pH does not increase the Em, but reduces it (1). The effects of both LAA and FC on the PM Em are in the opposite direction from the effect of a low external pH. Since the pH 4.5 treatment does have an effect on the sensitivity to VLF R, the increase of the Em must not be an absolute requirement for the induction ofthe VLF response. But it is possible that for the maximal sensitivity to VLF R, the proton motive force (16) , the sum of the pH gradient and the Em, must be largerthan can be produced by the pH 4.5 treatment alone. This possibility suggests other ways to test for regulation of phytochrome responses at the PM.
Effect of Potassium on the VLF Response. An unexpected factor affecting both the low pH-and IAA-induced increase in sensitivity to light is the K4 concentration of the buffer. As seen in Figure 7 , K4 at concentrations near 10 mM inhibits the pH 4.5-induced response to VLF R, and the response to VLF R induced by 6 MM 1AA. Na4 will not substitute for K+ in its effect on the VLF response (data not shown).
In Table IV , the effects of K4 on growth and the R-induced responses are summarized. It is likely that the slight inhibition of IAA-induced and LF R-induced growth by 15 mM K4 in the presence of 6 MM IAA is caused by the SO4 added with the K+.
The combined buffer capacity of the Mes/fumaric acid and the 7.5 mM S04 is probably sufficient to inhibit growth to the same extent as 10 mM Mes (Fig. 6) . As can be seen in Table IV , the effect of K4 on the IAA-induced, and LF R-induced, growth is not present when the IAA-treated sections are exposed to 15 mM K4 only for the first 2 h after irradiation, while this treatment still completely inhibits the response to VLF R. Further, the K+ concentration which inhibits the response to VLF R in the presence of 1 AM FC or pH 4.5 buffer has no effect on either the dark growth or the response to LF R (Table IV; data not shown).
Since K+ has no effect on IAA-induced growth per proton secretion, even up to a concentration of 30 mm (3, 20) , and has a stimulatory effect on FC-induced growth and proton secretion (3), it is not possible to explain the effect of K+ in terms of an effect on the pH gradient, or any known effect on growth. Treatment of cells with K+ does induce a reduction in the PM Em, with complete depolarization occurring at least for a short time in response to 30 mM K+ (1) . But the effect of K+ on Em is a continuous decrease in potential with increasing concentration, not a step function like that seen in Figure 7 .
Another argument against the effect of K+ being mediated via depolarization ofthe PM is that FC hyperpolarizes the membrane so that the K+ concentration required to depolarize the membrane is much higher (1). Thus, one would predict that the FCinduced response to VLF R would require a higher concentration of K+ to inhibit the response than the concentration required to inhibit the VLF-response induced by LAA. Since this is not the case, it is likely that the effect of K+ is mediated through some other process ofthe amplification of the P£r signal, perhaps even the binding of Pfr to a receptor.
The K+ appears to affect the VLF response directly. The increase in the magnitude of the LF response is probably a consequence of the lack of a VLF response, as seen in sections incubated in the absence of IAA (Fig. 1) . The effect ofK4 directed at the VLF-response separates the VLF response from the LF response physiologically. In the absence of this effect, it would be possible to describe the two responses as the same mechanism in different states of amplification. The differential sensitivity to applied K+ distinguishes the two responses on a basis other than their photobiology. CONCLUSIONS (a) The IAA-induced increase in sensitivity to light of the phytochrome-mediated growth response occurs in the first 2 h after irradiation. The effect of IAA on light sensitivity decays rapidly on the removal of IAA.
(b) The effect of IAA on the response to VLF R is separable from IAA-induced growth.
(c) The IAA effect can also be induced by several synthetic auxins, as well as by the phytotoxin FC.
(d) The effect of auxin and FC appears to be mediated exclusively by the decrease in external pH caused by these elicitors: low pH buffer treatment partially mimics the effect of auxin and FC in inducing a response to VLF R; high buffer strength at pH 5.9 will counteract the effects of auxin and FC.
(e) The physiological alterations which permit the expression of the VLF response do not directly affect the LF response.
(1) Potassium at 10 to 15 mm inhibits the response to VLF R induced by auxin, FC, and low pH.
(g) The effect of potassium is directed at the VLF response. This marks the first physiological distinction between the VLF and LF phytochrome responses.
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